We report on a strain-induced martensitic transformation, accompanied by a suppression of magnetic order in epitaxial films of chemically disordered FeRh. X-ray diffraction, transmission electron microscopy and electronic structure calculations reveal that the lowering of symmetry (from cubic to tetragonal) imposed by the epitaxial relation leads to a further, unexpected, tetragonalto-orthorhombic transition, triggered by a band-Jahn-Teller-type lattice instability. The collapse of magnetic order is a direct consequence of this structural change, which upsets the subtle balance between ferromagnetic nearest-neighbor interactions arising from Fe-Rh hybridization and frustrated antiferromagnetic coupling among localized Fe moments at larger distances.
I. INTRODUCTION
The discovery of the temperature-driven isostructural transition between ferromagnetic (FM) and antiferromagnetic (AF) phases in chemically ordered (B2-phase, CsCl structure) equiatomic FeRh alloys nearly eight decades ago 1,2 posed a wide range of intriguing fundamental problems and paved the way to possible applications. These comprise electric field control of magnetic order, 3 heat assisted magnetic recording devices 4 or a room temperature AF memory resistor. 5, 6 FeRh has also served as a model system for the investigation of magnetization reversal processes. 7, 8 Last but not least, because of the large entropy change at the AF-FM transition, FeRh can be considered as one of the best magnetocaloric materials.
9-11 Here we show that modifying this, already outstanding, material by applying expitaxial strain to a chemically disordered metastable phase leads to a hitherto unreported magnetostructural instability in equiatomic FeRh.
Strain-control of material properties in general is a well-established concept in modern functional materials design. Epitaxial thin films can be considered as a special, technologically relevant, case. Here the functional material is coherently grown onto a substrate and strain is applied by the mismatch between the two crystal lattices. To achieve extraordinarily strained films, it has been suggested to use soft materials 12 possessing inherent lattice instabilities, e.g materials undergoing martensitic transformations. 13 Such experiments have been reported in epitaxially strained thin films of disordered FePd and FePdCu magnetic shape memory alloys (MSMA).
13,14
An alternative strategy for controlling the strain state in MSMA thin films is to use ion-irradiation to create point defects which generate local stress fields in the material.
15
Concerning epitaxial B2-FeRh thin films a distinct strain dependence of the AF-FM transition temperature has been shown by several authors. 3, [16] [17] [18] [19] In contrast, little is known about strain effects in the disordered alloys, where a significant impact of interatomic distances 20 (i.e. strain) and chemical disorder 21 on the magnetic properties has been recently suggested by theory.
From an experimental point of view, the occurrence of martensitic lattice instabilities in the Fe-Rh system would be a crucial factor allowing for the growth of highly strained epitaxial films. Indeed, such instabilities have been reported in B2-ordered equiatomic alloys induced by deformation 22 or Pd-substitution 23, 24 and in disordered Fe-rich (20 -25 at% Rh) alloys. Here, a transition from the face-centered-cubic (fcc) A1 phase to the body-centered-cubic (bcc) A2 phase was observed after quenching.
25,26
The disordered bcc-A2 phase is suppressed in alloys with larger Rh content, due to the strong B2-ordering. 27, 28 A thermodynamic analysis based on experimental data of different compositions and degree of order predicts a FM state with an estimated Curie temperature (T C ) of 800 K and ≈4 µ B per unit cell for A2-FeRh.
29
The long-range magnetic order of A2-FeRh arises from the dominating short-range FM exchange interactions be- interactions at larger separations 20, 29 In turn, the net spin-polarization of the Rh orbitals is stabilized through the hybridization with the FM ordered Fe.
20,30
In the present study, we demonstrate that by carefully choosing the growth conditions an epitaxial straininduced, adaptive martensite structure can be obtained in equiatomic, disordered FeRh thin films on W(001) (+6% epitaxial mismatch). The initial lowering of symmetry (from cubic to tetragonal) induces a martensitic lattice instability which reduces the symmetry further towards a final orthorhombic structure, that grows with an adaptive nano-twinned martensite structure. By taking advantage of the strong dependence of both the spinpolarization of the Rh orbitals and the Fe-Fe magnetic exchange parameters on the local structure, we effectively modify the balance between FM order and magnetic frustration and possibly achieve complete dynamic spin disorder at low temperatures. This paper is organized as follows: In Sec. II A we provide a short description of the growth procedure of the heterostructure as well as details on the various applied characterization methods. Then we discuss in Sec. II B the technical details of the two complementary computational approaches used in this study. Sec. III A presents the strained epitaxial growth of FeRh on the W bufferlayer and it is shown by means of element-specific spectroscopy and magnetometry that magnetic order is suppressed in the film. This peculiar experimental observation is investigated theoretically with super-cell calculations, presented in Sec. III B, which reveal a cooperative relaxation of the strained structure. This rearranged structure is then verified and refined experimentally by means of reciprocal space maps (RSMs in Sec. III C) and transmission electron microscopy (TEM in Sec. III D). In Sec. III E we theoretically investigate the electronic structure and the magnetic properties along a continuous transformation path, which finally explains the absence of magnetic order and identifies the underlying cause of the lattice instability. A summary and concluding remarks on the general implication of our findings are given in Sec. IV.
II. TECHNICAL DETAILS

A. Experimental details
Epipolished MgO(001) single crystal substrates (5×10×0.5 mm 3 , SurfaceNET ) were annealed and outgassed at 600
• C in an oxygen atmosphere of 2.5×10 −5 mbar prior to deposition of the W layer. Afterwards the 50 nm W-buffer layer was deposited at 350
• C in a large-distance magnetron sputtering device
31
(base pressure of 2×10 −9 mbar) from a W target (99.9%, Haines und Maassen GmbH ). The growth rate used was 0.022 nm/s with an Ar backpressure of 0.0011 mbar using a DC sputter power of 100 W. Equiatomic FeRh films ( 13 nm in thickness, with isotopically enriched 57 Fe) were deposited at room temperature using a Mini e-beam evaporator (Oxford applied research), which evaporates Rh from the rod (3 mm diameter, 99.9% Goodfellow ) and the 57 Fe from a W crucible equipped with an alumina liner. The layer stack was then covered with a 1 nm thick Rh capping layer for oxidation protection. Epitaxial growth was monitored by reflection high energy electron diffraction (RHEED).
The structural details were studied by high resolution X-ray diffraction (HRXRD) with a Bruker D8 Discover 4-circle diffractometer (Cu-K α radiation), using a high-resolution setup with a Ge(022) 4-Bounce channel-cut monochromator. Rutherford backscattering spectroscopy confirms the composition to be Fe 52 Rh 48 (±3 at%). The spectrum 32 is measured with He ions at an incident energy of 2 MeV, and it is fitted using the SIMNRA 6.06 software.
33
A cross-sectional TEM specimen was cut from the film with a Focused-Ion-Beam (FIB) system (FEI Strata 400 S). The initial cutting was performed using 30 kV Ga+ ions with final polishing at 5 kV and 2 kV. Highresolution transmission electron microscopy (HRTEM) was performed in a FEI Titan 80-300 electron microscope, which was equipped with a CEOS image spherical aberration corrector and operated at an accelerating voltage of 300 kV.
The magnetic properties of the thin film were characterized on a local scale using 57 Fe Conversion Electron Mössbauer Spectroscopy (CEMS). Low temperature CEMS was measured in a liquid nitrogen bath cryostat equipped with a proportional counter using He as the detector gas. Magnetic characterization was performed using a MPMS XL Quantum Design SQUID magnetometer. The measured data were corrected for the diamagnetic contribution from the MgO substrate and a spurious magnetic signal coming from paramagnetic impurities in the MgO 34 (determined by measuring the pristine substrate): hence only the contribution from the FeRh/W film remains.
B. Density functional theory calculations
The interdependence of structural distortion and magnetic order is studied with two complemetry approaches in the framework of density functional theory (DFT) addressing the problem from the electronic structure point of view. The first is based on super-cell calculations using the Vienna Ab-initio Simulation Package (VASP).
35
It describes the wavefunctions of the valence electrons using a plane wave basis set while taking advantage of the projector augmented wave (PAW) approach, 36 which takes care of the interaction with the core electrons. This usually yields results comparable to all-electron methods. In particular, we took the PAW-potentials from the standard database generated for PBE-GGA (generalized gradient approximation according to Perdew, Burke and Ernzerhof) 37 which consider explicitly the electronic con- 2000) . The cutoff energy of 366.5 eV was chosen substantially above the cut-off requirement for the potentials to guarantee accurately optimized structures. For optimization, a k-mesh of 4×4×4 points was used together with the Brillouin zone integration method of Methfessel and Paxton 38 with a smearing of σ = 0.1 eV. The final results were corroborated with a k-mesh of 6×6×6 points. In our VASP calculations, we modeled chemical disorder in the FM and PM phase using a 32 atom special quasi-random structure (SQS), 39 developed by Jiang 40 for disordered ternary systems of the type A 2 BC (see Refs.
32,40 for details). It thus allows for a disordered arrangement of collinear Fe-moments with opposite directions. The local spin-polarization of the Rh d-electrons is determined by the hybridization with the surrounding Fe states.
20,30
The second approach is based on the Korringa-KohnRostoker (KKR) method as implemented in the Munich SPR-KKR code.
41-43 Angular momentum expansion was taken into account up to l max = f and up to 64 points were used to describe energy contour in the complex plane in combination with a large k-mesh (up to 49×49×26 in the full Brillouin zone, i. e., 8750 points in the irreducible zone). A scalar relativistic description of the Hamiltonian has been used in combination with the atomic sphere approximation (ASA). The exchange-correlation functional was treated within the PBE-GGA. 37 The chemical disorder was modeled analytically within the single-site coherent potential approximation (CPA), which allows for the representation of perfectly disordered systems in small unit cells but not for the individual relaxation of atomic positions. For the magnetically disordered PM configuration, we used a simplified disordered local moment approach by taking again advantage of the CPA, which allowed us to model a fractional occupation of the same lattice site with Featoms with oppositely oriented magnetic moments. The Heisenberg model exchange parameters were determined using the approach of Liechtenstein et al. 44 
III. RESULTS AND DISCUSSION
A. Thin film growth and characterization Fig. 1b) .
The diffraction pattern in Fig. 2a) shows two reflections, in addition to the MgO(002) reflection, attributed to the (002) planes of W and of FeRh, respectively. The out-of-plane spacing of the W is determined to be 3.179(1)Å, which is close to the literature value. 45 Reciprocal space maps (RSMs) on asymmetric W reflections (having an in-plane component of the scattering vector), yield 3.151(2)Å in-plane lattice constant, suggesting an almost fully relaxed growth of the W bufferlayer on MgO(001). The FeRh reflection reveals a lattice constant of 2.655(5)Å , implying a contraction of -11% compared to 2.989Å for B2-FeRh in the AF state. 27 The reflection exhibits Laue oscillations (see Fig. 2b) ), due to the finite thickness of the layer. This proves fully coherent growth with an uniform lattice constant through the entire film, excluding gradual strain relaxation. The outof-plane contraction (c/a ∼ 0.84) is due to the large inplane tensile, epitaxial strain (+6%). It is discernible that the FeRh alloy is in a disordered structure as manifested by the absence of the (001) superstructure reflec-tion at ∼35
• . The magnetic properties of the FeRh thin film were investigated with CEMS, which is sensitive to the local magnetic hyperfine field at the 57 Fe nucleus sites and, as an element specific method, it measures the magnetic properties of Fe in the FeRh film only. In CEMS any static magnetic Fe phase, irrespective of its nature, FM, AF, non-collinear or spin glass, would be reflected in a characteristic six-line magnetic splitting. The absence of this feature in the spectrum measured at 80 K in Fig. 2 c) shows that no magnetic order is present. Instead, the spectrum is fitted best with a broad quadrupole doublet. 32 The inset in Fig. 2 c) displays a field-cooling curve M (T ) of the sample measured in µ 0 H = 50 mT in the SQUID. As a reference the saturation magnetization values expected for A2- 29 or partial B2-FeRh 46 are also plotted. Based on both, the featureless shape of the fieldcooling curve and the CEMS results we can conclude that there is no magnetically ordered phase at least down to 5 K. Hence, magnetic order is effectively suppressed in the highly strained FeRh film.
B. Super-cell calculations
The super-cell calculations with the VASP package, described in Sec. II, provided the first step to unravel the link between structural distortion and magnetic order on the atomic scale. In the beginning, we compared FM and PM configurations in a body-centered-tetragonal (bct) environment with c/a = 0.84 (experimental value), but with atoms fixed at the ideal lattice positions. Here, FM order is favored as in the cubic A2 case, while a downhill relaxation of the atomic positions within the fixed supercell leads to a PM ground state.
Since distribution of the atoms in the SQS cell does not obey cubic symmetry, we imposed the tetragonal distortion with the compressed c-axis oriented parallel to either of the three cartesian axes. This leads to essentially similar structures in terms of the relaxation pattern at numerically different energies. However, the qualitative results are deemed independent on the specific decoration of the cell, since we consistently found in all calculations the same energetic trend: A PM ground state in the relaxed structures, in contrast to the FM preferred in all unrelaxed tetragonal super-cells.
The relaxation causes a cooperative displacement of the atoms from their ideal bct sites, breaking tetragonal symmetry. A geometrical analysis 32 reveals that the relaxation leads to a redefined unit cell with atomic positions, which can be described in the orthorhombic space group No. 63 (Cmcm). 47 In the orthorhombic cell, the highest symmetry axis a = c is the out-of-plane axis of the film, while b = c = √ a are the in-plane axes, rotated by 45
• with respect to the primary tetragonal cell. The structure can be described with only one 4c Wyckoff position (0,y,0.25) with y = −0.17, which describes essentially a displacement of the atoms along the b -axis. The parental bct structure is recovered by setting y = −0.25. The two main characteristics of the structural rearrangement (cooperative displacement and lowering of symmetry) underline the martensitic nature of the observed phenomenon. Fig. 3 illustrates the rearrangement in a top-view of the atomic columns of the parental bct (left), the relaxed structure (right) and a superposition of both (middle). 
C. Reciprocal space maps
The orthorhombic structure identified in Sec. III B must result in an additional set of Bragg reflections, compared to the bct structure, which can be investigated in RSMs. Fig. 4 a) presents two RSMs measured under different azimuthal angles φ (0 • corresponds to the principal axes of the bcc-W lattice). The first one, displayed in the left panel, is recorded with φ = 45
• , hence parallel to the orthorhombic lattice. It displays the part of reciprocal space where the (202) and (220) reflections of the orthorhombic structure are expected.
The intensity plot depicts two clearly split reflections, which differ also in their intensity. The reflections are observed individually at different in-plane scattering vectors q || , while their positions in the out-of-plane direction q ⊥ are basically identical. This is evidence for nonequivalent in-plane lattice parameters, which can be determined to be b = 4.584(14)Å, c = 4.324(6)Å. Therefore not only the change in y, predicted by theory, but also the in-plane dimensions of the unit cell reflect the orthorhombic distortion.
Another important result is the simultaneous observation of the two reflections in the same azimuthal direction, which implies that the film must consist of 90
• rotated variants (domains), similar to the adaptive nanotwinned martensites in Ni 2 MnGa 48 and FePd 49 thin films. At these two points the experimental results go beyond the theoretical predictions as these particular struc- tural features were not accounted for in the super-cell calculations. It is noteworthy that the orthorhombic unit cell still matches the W lattice, when considering that √ b 2 + c 2 ≈ 2a W , underlining the adaptive nature of the rearranged structure.
An experimental approach to refine all crystallographic parameters independently, as in a full pattern fitting of integrated intensities for a single crystal, is very challenging in the case of epitaxial thin films. 32 Hence, a full pattern fitting is not feasible in the present case, but it will be shown that a quantitative refinement of the structure can still be achieved by combining the results of the super-cell calculation with the experimental data.
As a starting model we use the structure (spacegroup No. 63, Cmcm, 4c Wyckoff site with y = −0.17) obtained in super-cell modeling, with the above determined orthorhombic lattice parameters. Hence, the only structural parameter that requires refinement is the y parameter of the 4c Wyckoff site (the others are fixed, due to symmetry requirements). The y parameter, which essentially describes the displacement of the atoms along b , is the major factor governing the intensity difference between reflections having either (hk0) or (h0l) components. So by comparing the experimental ratio of integrated intensities of one pair I (h0l) /I (hk0) with calculated intensity ratios as function of y, we can quantitatively determine y. 32 Hereby we make use of the fact, that the observation of both in-plane directions b and c in the same azimuthal direction and their proximity in reciprocal (and also angular) space allows us to neglect, in first approximation, all scattering geometry dependent factors (since they cancel out under the division). Figure 4b ) depicts the calculated intensity ratios as function of y and the experimentally obtained ratios (displayed as constant line) for the (202)/(220) pair as well as for the higher order reflection (204)/(204). From the intersection of the calculated curves with the corresponding experimental value a certain y value is determined, which yields a mean value of -0.168 (2) , in full agreement with the results of the super-cell calculations. The crystallographic parameters are summarized in Tab. I. Of course, as already pointed out above, the orthorhombic structure must result in a different set of Bragg reflections compared to the parental bct lattice. 19 out of 25 geometrically accessible reflections 50 could be measured in RSMs, 14 out of the observed reflections are only present for the orthorhombic structure. 32 An exemplary orthorhombic reflection is displayed on the right-hand side of Fig. 4a ), namely the (221), which is observed for φ ≈ 17
• . Its position, calculated using the crystallographic parameters shown in Tab. I, is indicated by a black cross. The fact that only this very reflection appears here, and not also the (212) reflections (in-plane indices swapped, its expected position is marked by the white cross), shows that the diffraction follows the general reflection conditions hkl, h + k = 2n of the Cmcm space-group. 51 This observation provides ultimate proof that the structure model, derived in the combined experimental and theoretical approach, is in agreement with the diffraction data.
D. Transmission electron microscopy
A local structural view is obtained by HRTEM. A cross-sectional view of the film is shown in Fig. 5 . The FIB lamella was cut such that the electron beam is nearly parallel to the <110> direction of the W-buffer layer and hence also to the orthorhombic in-plane axes of the FeRh lattice. Indeed, the center part of the figure shows a representative high-resolution micrograph featuring the top part of the W buffer-layer and two FeRh grains that are oriented 90
• with respect to each other in the plane. The 
51 Furthermore, the magnified areas presented on top in direct comparison with the atomball model, unambiguously illustrate the full-agreement between the proposed structural model and the local lattice structure observed in the electron microscope.
The interface area between the two structural domains is magnified in the top-center image. It clearly depicts that both grains are coherently oriented in [100] out ofplane direction. Moreover from the obtained images an average size of the domains of about 10 -20 nm can be determined. This nanometer-scale structure supports that strain-adaption is one driving force for the structural rearrangements.
E. Magnetic and electronic structure
The observed lack of magnetic order in the disordered FeRh films on W provided the interest in investigating the details of the resulting crystallographic structure. This led to the realization that the tetragonal distortion induces a further structural relaxation and results in a final orthorhombic structure. This is accounted for by the Cmcm primitive cell with the experimentally determined structural parameters c/a, y and c /b . Hence, with this information, we are able to investigate the electronic and magnetic properties in a small super-cell with the KKR-CPA approach. These calculations are carried out along a hypothetical transformation path from the cubic A2 structure to the final orthorhombic structure, as obtained from experiment. Along the path, we have kept the volume per atom constant. (Color online) Element resolved electronic density of states (DOS) of PM FeRh in the tetragonal state with c/a = 0.843 (top) and the orthorhombic ground state (bottom). The orange arrow indicates the peak in the Rh-DOS, which is redistributed upon structural relaxation.
The energetic order of the magnetic and geometric structures and the respective changes in the electronic density-of-states (DOS) obtained with the KKR-CPA approach were found to be consistent with the super-cell calculations described above. The T C in the mean-field approximation (MFA) is directly linked to the element resolved effective intersite exchange parameters J The variation of T
MFA C
, its element-resolved constituents and the magnetic moments µ Fe , µ Rh are depicted in Fig. 6 . Starting from the right-hand side with the cubic A2 structure, we first tetragonally distort the cell, before lowering the symmetry to orthorhombic by varying the internal y-parameter. Finally, the ratio c /b is altered without changing the symmetry any further. With increasing tetragonal distortion, T MFA C decreases rapidly, due to a reduction of both J , which stands in contrast to the observed breakdown of magnetic order in the epitaxial films, but is in full agreement with the preference for FM order in the unrelaxed super-cell calculations. Introducing the orthorhombic distortions enhances the competition . Observing that in the PM configuration, the µ Rh collapses, while the PM Fe moments remain well localized and decrease by less than 0.1 µ B with respect to the FM, we conclude on a complete disappearance of FM order. This is reflected by a PM ground state in the KKR-CPA calculations, confirming the super-cell results as well as the experimental observations.
The disappearance of magnetic order becomes more apparent from a comparison of the electronic DOS in the PM (Fig. 7) and the FM case (Fig. 8) . Of particular interest in the latter case is the minority channel, where we observe a Rh-peak slightly above the Fermi level in the cubic A2 structure. With increasing tetragonal distortion, this peak eventually crosses the Fermi energy and is finally located slightly below E F in the tetragonal structure with c/a = 0.843. The orthorhombic distortion completely removes this Rh peak in the minority-spin DOS -but simultaneously another peak appears in the partial DOS of Fe close to E F . Since this feature is absent in the PM phase, it likely contributes to destabilization of the FM order in the final structure, leading to the observed PM ground state.
In both magnetic states, the martensitic transformation, from bct to Cmcm, is accompanied by a gain in band energy, which arises from the redistribution of a peak in the Rh partial DOS just below E F (features marked by arrows in both magnetic configurations in Fig. 7 and Fig. 8 ). This reminds of a band-Jahn-Tellerlike mechanism, which is known from other ferrous alloys, such as Fe-Pd.
52,53
The combination of a specific shuffling of atomic planes with the disappearance of a peak-like structure in the minority spin DOS is reminiscent of the Fermi surface nesting which results in a soft phonon mode via electronphonon coupling. This plays a decisive role in triggering the martensitic transformation in other functional transition metal alloys and compounds, such as in the FM shape memory alloy Ni 2 MnGa.
54-58 Particular crosssections of the minority spin-channel of the Bloch spectral function A( k, E F ) in FM FeRh (Fig. 9) suggest the suppression of marked parallel features by the distortion (a similar situation is also encountered in the PM case 32 ). This may be counted as a first indication of nesting-induced electron-phonon coupling. However, to obtain a complete picture one must evaluate the entire four-dimensional object A( k, E F ) in terms of the generalized susceptibility and investigate the phonon dispersion of this disordered system, which is beyond the scope of the present work.
IV. SUMMARY
In conclusion, chemically disordered FeRh was deposited epitaxially on W(001). A combined experimental and theoretical study indicates that the strain, imposed on the system via the epitaxial growth, triggers a martensitic transformation into an orthorhombic adaptive martensite. The structural changes then lead to the total breakdown of magnetic order. Based on the results of our electronic structure calculations and the absence of any stable magnetic order, observed experimentally by CEMS and SQUID magnetometry, we propose, that the system is characterized by dynamically fluctuating disorder in the localized µ Fe according to frustrated magnetic exchange couplings. The frustrated magnetic exchange interactions are a direct consequence of our epitaxial-strain tailoring of the martensitic instability.
The huge sensitivity of magnetic order to rather moderate structural changes, carefully tailored by epitaxial strain, makes disordered FeRh particularly interesting for magnetostrictive or magnetoresistive sensor or actuator applications, 59 alongside its well-investigated B2-ordered counterpart.
The close resemblance to band-Jahn-Teller-type instabilities in MSMAs indicates that this might be a rather general feature of transition metal alloys with both, localized d-moment and hybridization-induced magnetic moments, accompanied by a marked feature in the DOS. Thus, it should be observed in a variety of other systems, which can be conveniently preselected employing electronic structure calculations, by tuning the electronic features around the Fermi surface with external stimuli such as epitaxial strain. Amplification of a symmetry breaking by an external symmetry-lowering stimulus may be considered as a rather general and innovative tailoring strategy for specific functional properties. An analogous case was found in thin films of multiferroic BiFeO 3 , where the large epitaxial strains result in the formation of reduced symmetry structures, 60,61 which might be linked to a phonon softening.
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